5. Malinsky, M., Challis, R.J., Tyers, A.M., Schiffels, S., Terai, Y., Ngatunga, B.P., Miska, E.A., Durbin, R., Genner, M.J., and Turner, G.F. (2015) . character. Yet the perception of our world is anything but blurred: instead, the foveae of our eyes guarantee high resolution snapshots not only of this paragraph, but also of the world around us. While the past hundred years have seen an increasing number of studies into the neural substrate of this behavioral phenomenon, it was only in the last two decades that sophisticated experiments have revealed neural mechanisms in primates that could explain visual perceptual stability. A few pieces of the puzzle, however, are still missing. It appears that a recent study by Cavanaugh et al. [1] has found one of them. Interest in our remarkable visual perceptual stability has a long history. The 11 th -century student of nature Alhazen [2] was among the first with a documented scientific interest in the mechanisms that allow for a stable percept of our world despite eye movements. In the 19 th century, Hermann von Helmholtz [3] suggested a mechanism which he called Willensanstrengung (effort of will); according to Helmholtz, this effort-ofwill allows us to determine if the shift of an object's image on the retina was due to the motion of this object in the outside world or to our own eye movement.
While von Helmholtz's concept was very well taken, it did not suggest any specific neural structure that might implement this Willensanstrengung. In 1950, two independent studies, one by von Holst and Mittelstaedt [4] and one by Sperry [5] , suggested a neural principle somewhat analogous to von Helmholtz's effort-of-will. Sperry [5] , while working with fish, coined the term corollary discharge; Von Holst and Mittelstaedt [4] , working with flies, referred to essentially the same principle as efference copy. Considering visual perception, both concepts have in common that they explain how the brain manages to dissociate self-induced from externally-induced retinal image motion. This dissociation should be based on internal feedback about an upcoming eye movement.
While a number of studies have been carried out over the last two decades on the neural basis of visual perceptual stability, two in particular have advanced our understanding probably more than any other: one on predictive remapping; and the other describing a neural substrate of corollary discharge. In their seminal work, Duhamel et al. [6] probed the responses to visual stimuli at two different locations: the initial receptive field and the future receptive field (that is, the spatial location that becomes the neuron's receptive field only after the eye movement). Remarkably, the authors found that many neurons responded to a visual stimulus in the future receptive field even before the eyes had started to move. It was suggested that such a sensorimotor process would be perfectly suited to guaranteeing perceptual stability in an eye-centered frame of reference, because the shifting receptive fields would predict the remapping of the images of the visual world on the retina resulting from the upcoming saccade. Later, neurons with similar functional properties were also found in the frontal eye fields (FEF) [7] .
The second seminal study [8] identified a neural signature of corollary discharge in the monkey, which, in fact, is a precondition for the predictive remapping. Sommer and Wurtz [8] recorded from neurons in the medial dorsal (MD) nucleus of the thalamus of the monkey, a relay of a projection between two oculomotor centers of the monkey: the midbrain superior colliculus (SC) and the FEF. The data show that neurons in the MD nucleus start to fire before the onset of saccades, while inactivation of the MD nucleus did not alter accuracy and speed of visually guided saccades. Both results are considered prerequisites for a corollary discharge signal. In the most critical part of the study, monkeys had to perform a double-step saccade towards targets being switched off before the monkey started the first eye movement ( Figure 1A) . Here, correct performance of the second saccade requires taking into account the vector of the first saccade. As hypothesized, inactivation of the MD nucleus on one side induced malperformance for contraversive doublestep saccades. In a follow-up study, Sommer and Wurtz [9] showed that inactivation of the MD nucleus also leads to a reduction of predictive receptive field shifts in the FEF. Accordingly, the corollary discharge signal, originating in the SC and relayed in the MD nucleus, was sufficient and necessary to explain predictive shifts of visual receptive fields of FEF neurons.
While these findings provided clear evidence for a neural substrate of a corollary discharge, the studies did not investigate the monkey's visual perception. If, indeed, the MD nucleus was the central relay station for a corollary discharge of saccadic eye movements, then its inactivation should alter the monkey's perception of its own saccade vector, but leaving the saccade itself Figure 1 . Fitting together the puzzle of visual perceptual stability.
(A) In the classical double-step paradigm two saccades are executed sequentially. In order to perform the second saccade correctly, corollary discharge must monitor the vector of the first saccade. Sommer and Wurtz [8] inactivated the medial dorsal (MD) nucleus of the thalamus, a central relay station in the pathway from motor to visuomotor areas. Before the inactivation, both double step saccades were performed precisely. After inactivation, however, the second saccade was misguided in a direction which conforms with a lack of corollary discharge information. Without internal information about execution of the first saccade, the second saccade will be planned as if starting from the fixation point. (B) Four major pieces in the puzzle of visual stability across saccade eye movements have been found in the last two decades. (i) The first study described neurons whose receptive fields shift to the future position briefly before saccade initiation [6] .
(ii) A second study identified a pathway, which conveys a corollary discharge signal, leading from the midbrain SC via the MD nucleus to the frontal eye field (FEF) [8] .
(iii) A third study described impairment of predictive remapping in the FEF after inactivation of the MD nucleus [9] . (iv) Cavanaugh et al. [1] have demonstrated that corollary discharge mediates the perception of visual stability.
unimpaired. While it is easy to frame this question, it is rather tricky to ask this question to a monkey. Cavanaugh et al. [1] , however, succeeded in teaching monkeys to answer the question implicitly. After months of training, monkeys were able to indicate the direction of a target displacement, which had been applied while they made a saccade towards it. The point of subjective equality of the resulting psychometric function was considered the implicit estimate of the monkey's perception of its own saccade length. Then, Cavanaugh et al. [1] injected muscimol, a GABA agonist and thus an inhibitory drug, into the MD nucleus on one side of the monkey's brain. As predicted, inactivation changed the monkey's perception of its own contraversive saccades, while leaving the saccades themselves unimpaired. Control experiments confirmed that neither proprioception from extraocular muscles nor visual context could explain the observed results. It hence appears that Cavanaugh et al. [1] have managed to find one of the missing pieces of the puzzle of visual perceptual stability ( Figure 1B ). This finding is even more noteworthy given that these results most likely can be directly transferred to the human oculomotor system. Here, similar impairments in double step saccades have been observed by Ostendorf et al. [10] in patients suffering from lesions in their MD nucleus.
The question remains: is the puzzle of visual perceptual stability fully answered? Probably not. First, it remains an open question why the precision of spatial position information -as tested by Cavanaugh et al. [1] and colleaguesaccumulates over time. An earlier study demonstrated that the longer saccade targets are seen before the saccade and the better displacements are detected afterwards [11] . Second, the idea of corollary discharge and saccadic eye movements implicitly assumes that visual signals remain in eye-centered coordinates. However, monkeys (and humans) interact with objects in their environment, for example when they approach food or avoid obstacles. It has been suggested that the necessary control of movements of the different effectorsthe head, the arm or the body -is performed in effector-specific reference frames and, hence, visual signals used for motor control should be transformed by means of population coding from eye-to head-to body-centered coordinates [12] . The finding of neurons whose activity changes dependent on the position of the eyes in the head was considered evidence for this hypothesis [13] . Recently, further support for this idea has come from observations that eye position signals are precise on short time scales and hence appear well suited for the purpose of spatial localization during everyday living [14] . And even single neurons with receptive field locations that are invariant with respect to eye position have been identified in monkey parietal cortex [15] . These findings transfer to humans, too, for whom behavioral experiments using adaptation techniques have confirmed the existence of supra-retinal reference frames in the coding of visual space [11, 16] .
Finally, given the exciting findings about the neural basis of visual perceptual stability, it is important to mention that perisaccadic vision is far from being veridical. Instead, modulatory effects have been described, among them saccadic suppression, as well as a perisaccadic shift or compression of space [17] . Neural correlates of these phenomena have been identified (suppression [18] ; shift [19] ; compression [20] ). How these findings relate to corollary discharge, however, is as yet unclear. Accordingly, further work is required to complete the puzzle of visual perceptual stability across eye movements.
